Abstract. This paper presents a detour decision model for freeway non-recurrent congestion management, based on the results of extensive simulation experiments and operational guidelines for highway agencies. The proposed model offers a reliable and effective tool for responsible traffic operators to make consistent detour decisions in response to a detected incident. Numerical results clearly indicate that a timely and well justified detour operation can yield substantial benefits to both the driving populations and the entire community.
INTRODUCTION
Non-recurrent traffic congestion due to incidents, highway construction zones, and special events has contributed up to 60 percent of the total freeway corridor delay in the United States. Under most scenarios, if proper diversion plans can be implemented in time, motorists can circumvent the congested segments and best use the available corridor capacity. To contend with this vital operational issue, transportation professionals have proposed a variety of advanced diversion control and route guidance strategies (1) (2) (3) (4) (5) (6) (7) (8) (9) to optimally balance the load between the freeway and the arterial systems over dynamically computed time intervals. Certainly, those advanced diversion control strategies have made an invaluable contribution to incident management for freeway commuting corridors. Nevertheless, prior to implementation of any detour strategy, traffic operators need to ensure the resulting benefits, as implementing those advanced control strategies usually demand substantial amount of resources and manpower.
In this regard, very limited information is available in the literature to assist decision makers in assessing the roads and the benefits of implementing detour operations, although numerous traffic safety and operation manuals (10) (11) (12) (13) (14) have addressed the need of properly diverting traffic flows during major incidents or emergencies.
One of the notable sources for guiding the detour plan development is the Alternate Route Handbook (2006) (15). This report provides comprehensive and general guidelines for how to plan and execute the alternate route plan with various stakeholder agencies. According to this document, key factors to be considered in establishing criteria for detour plan implementation include incident duration, number of lane blockage, observed traffic condition, time of day, and day of week. The capacity of the proposed alternative route and its background traffic are also critical factors. Table 1 summarizes the criteria used to decide whether to execute the pre-developed alternate route plan or not in a variety of states. Manual on Uniform Traffic Control Devices (MUTCD) (16) states that major and intermediate incidents lasting more than 30 minutes usually require traffic diversion or detouring for road users due to partial or full roadway closures, while traffic diversion even into other lanes may not be necessary, or needed only briefly for minor incidents usually cleared within 30 minutes.
In review of the literature, it is evident that a reliable tool for traffic control operators to decide when and how to implement detour operations, based on well justified resulting benefits is one of essential tasks for contending with non-recurrent congestion. Figure 1 illustrates how the detour decision model and consequent benefit analysis are utilized in the incident management system. This study, proposed in response to such need, will present an effective decision function for use by traffic operators to make appropriate detour operations. The process for estimating the resulting benefits will also be provided along with an example study. 
METHODOLOGY

Study Network and Experimental Design
To ensure that the developed detour decision model is tractable and also realistically reflect the real-world constraints, the network for an experimental design includes a segment of the freeway mainline experiencing an incident, an on-ramp, and an off-ramp right upstream and downstream of the incident location, and the connecting parallel detour route (see Figure 2) . During an incident, there are many factors that may affect the traffic operator's final decision on whether or not to implement detour operations, such as traffic volumes on the freeway and the detour route, the incident duration and number of lanes blocked, and the number of signals on the detour route, and etc. To accurately reflect the real-world operational characteristics in the study network (e.g. turning-bay, delay on ramps, and driving behavior), we have modeled each experimental scenario with the widely used micro-simulation package, CORSIM. Key variables associated with each experimental scenario are organized into the following groups and the range of values is summarized in Based on Table 2 , the total number of experimental scenarios that can be generated from all possible combination of key variables is: 5×3×8×4×7×7×7×3×6 = 2963520, which will be quite time-consuming or even impossible to evaluate. To contend with this problem, this study has employed a probability sampling approach to randomly select scenarios from the sample space and assure that all scenarios have equal probabilities of being chosen. Using this procedure, we select a total of 500 experimental scenarios for model development, and another 150 scenarios for model validation.
Detour Operations? Yes or No
Based on each generated experimental scenario, this section aims to determine how to decide whether a detour decision should be made or not. The research team has first employed the integrated diversion control model by Liu and Chang (9) to determine the best diversion rate that yields the minimum total corridor delay for each scenario, and then set a minimum threshold value for the diversion rate on the alternate route to convert the decimal diversion rate into a binary decision. Figure 3 illustrates the procedure to make the detour decision for each experimental scenario which will be used for the detour decision model development. We assume that an incident scenario would warrant a detour operation if its optimal flow distribution state demands more than 5 percent of flows to divert to the local arterial. Table 3 shows how distributions of decisions vary based on different thresholds. Using 10 percent and 15 percent thresholds, the decisions for "yes" or "no" are almost evenly distributed. One can certainly take a different threshold to generate the decision function of different levels of reliability. 
FIGURE 3 The Procedure to Determine the Detour Decision
The Experimental Data Set and Preliminary Analyses
In addition to key variables described in Table 2 , the research team has added the percentage of reduction in freeway capacity as one of the model input variables (denoted by PER_CAP_DROP). The associated values are computed based on the number of freeway, the number of lanes blocked, and the proportion of freeway capacity reduction from the Highway Capacity Manual (17) . Before calibrating the decision model, the research team has performed a preliminary analysis based on the study dataset and decision criteria used by different highway agencies. The purpose is to explore how decisions made by different criteria in the literature can lead to different decisions. In Table 4 , the Total represents the total number of scenarios satisfying the criteria listed in Table 1 . Numbers in the columns of Yes and No indicates the number of cases that satisfy the decision rule set by this study (i.e., the optimal detour rate to the alternate route should exceed 5 percent), and those do not, respectively, among the cases in Total. Noting that most agencies as reported in the literature use only the incident duration and lane blockage information for making the detour decision, we conduct further investigation to identify other variables that may contribute to the difference in decisions between other agencies and our results based on the optimal control model. Figure 4 presents the analysis results on the relationship between key factors and the detour decision made with different guidelines from the literature. Some interesting relations are discussed below.
• The results in Table 4 reflect that by using the existing guidelines traffic operators will reach a detour decision different from the suggestion produced by our optimal freeway diversion model in about 20-30 percent of the total cases.
• Most cases exhibit the trend that as the number of freeway lanes increase, it is less likely to make a decision for implementing detour plans, while the number of local lanes shows the opposite trend (see Figures 4(a) and (b) ).
• Some cases have an obvious effect by the freeway volumes, indicating that the likelihood of implementing detour operations increases with the freeway volume (see Figure 4 (c)).
• The lane blockage ratio also shows a fairly notable impact in some cases in terms of increasing the likelihood of promoting the detour operation.
Such discrepancies among existing decision rules as shown in Table 4 indicate the need for more general criteria based on more rigorous analyses so as to support detour decisions that some time may have to be made even by non-experienced traffic mangers. We can also understand that there are some observable relations between explanatory variables and the response variable. For instance, as many lanes are closed, it is highly likely to implement a detour plan. However, there are few references to discuss regarding what value is "many", or it is more likely to be determined by personal experience or judgment. Moreover, there must be some hidden joint effects which cannot be discovered by this preliminary analysis. Therefore, further studies are required in a more rigorous approach. 
FIGURE 4 Proportional Distributions of Decisions by Potential Factors
The Detour Decision Model Development Since the detour decision is binary in nature, the research team adopts a logistic regression which is one of commonly used methodologies to study a binary dependent variable. The output of a linear regression can be transformed to an appropriate probability using a logit link function as follows:
where p is a probability to succeed, and o is the odds representing the ratio of p to 1-p.
Since the odds (o) can be any value in (0, ∞), the log odds (log o) can vary in (-∞, ∞). This value represents what we get from the linear regression on the right hand side of (Eq.1). The inverse of the logit function is the logistic function, thus logit(p) = z can be transformed to:
Then, the logistic function maps any value of the right-hand side in (Eq.2) to a proportional value in (0, 1). The parameters included in the model (βi) can be estimated with the maximum likelihood method. The aforementioned theory implies that a unit additive change in the value of the variable changes the odds by a constant multiplicative amount. More detailed discussion regarding logistic models would be found in many references (18) (19) (20) . Table 5 summarizes specifications of the selected decision model. The final model demonstrates about 76 percent and 72 percent accuracies for model estimation set and validation set, respectively. Again, the accuracy is determined by whether or not the optimal traffic distribution during the incident management period needs more than 5 percent of its total volumes to the local street. In addition, all variables included in the model are significant at a 95 percent confidence level. The calibrated results also offer the following information: • The percentage of capacity reduction shows a positive sign with a high significance.
Calibrated Model Specifications and Performance
• When the flow rate on the roadway connecting from freeway to detour route (local street 1 in Figure 2 and denoted in LC_VOL1) is not heavy, it has a strong positive effect on the decision.
• The binary variable to indicate whether the primary detour route includes more than two traffic signals or not shows a high significance with a positive sign. This implies that it is more likely to implement detour plans if the primary detour route has less number of signalized intersections.
From aforementioned findings we can realize that the incident duration alone cannot be a reliable criterion to decide the need of implementing the detour operation. Table 6 includes details of the re-calibrated logistic model with interaction terms. Although these interaction terms are not included in our final selected model due to their multicollinearity, we can still get information regarding how variables interact with each other. Both dropped interaction terms are related to incident duration, which confirms its significance again. To determine the detour decision, first, we need to estimate the probability of being a "yes" for a decision regarding a given scenario (e.g. Scenario 1 in Table 7 ). Using (Eq. 3) and the estimated coefficients in Table 5 , we are able to estimate u, e u , and p. Values for u, e u , and p for Scenario 1 are 1.103, 3.012, and 0.751, respectively. Since p >= 0.5, one shall decide to implement detour plans. To justify the proposed detour operations, one can further conduct the analysis of resulting benefits which can be estimated by the procedure presented in the next section.
BENEFIT ESTIMATION
The primary goal to implement detour plans is to mitigate the congestion and the resulting delay due to the unexpected lane closure. Thus, responsible traffic managers need to consider the resulting benefits for comparison with the operational costs. This section briefly illustrates how to estimate the benefits coming from the detour operations. This benefit analysis can be a way to validate the developed detour decision model, since it shows us whether the implemented detour plan is truly beneficial or not from the overall societal perspective.
To illustrate how benefits from detour plans would vary depending on different traffic conditions and incident severities, we select four different scenarios which have been decided to implement detour plans based on our detour decision model. Table 7 displays the details for selected cases and corresponding outputs from the integrated diversion control model, while Table 8 shows the benefits estimated with the following procedure: Step 1: Compute the difference in delay between with and without detours In this research the total travel time and total time in queue from the integrated corridor control model output are used to compute the reduced delay due to detour operations.
Step 2: Select other impacts which could be also parts of the benefit analysis Once the delay decreases for any reason, associated by-products also decrease. We include reduced fuel consumptions and emissions (i.e., HC, CO, NO, and CO 2 ) in this benefit estimation procedure.
Step 3: Estimate the reduced amount of each by-product based on related references
Assuming that all vehicles are passenger cars, the research team estimates the saved fuel directly from the saved delay using a conversion factor, 0.156 gallons of gasoline / hour, which is provided by the Ohio Air Quality Development Authority.
Similarly, the reduced emissions can be estimated based on either the reduced delay or fuel consumption using conversion factors as follows:
• HC: 13.073 grams / hour of delay (provided by MDOT in 2000)
• CO: 146.831 grams / hour of delay (provided by MDOT in 2000)
• NO: 6.261 grams / hour of delay (provided by MDOT in 2000)
• CO 2 : 19.56 lbs CO 2 / gallon of gasoline (Energy Information Administration)
Step 4: Convert the saved delay, fuel, and emissions to the monetary value Similar to
Step 3, we use monetary conversion factors to estimate the reduced delay and associated by-products in a monetary value. Followings are values and sources for factors.
• As shown in Table 7 , selected scenarios cover four combinations of traffic conditions (heavy and light volumes) on both freeway and alternate route. All scenarios show significant reduction in delay and its resulting benefits. Notice that the first scenario, which reflects a minor incident case with relatively light volumes on both the freeway and detour route, still demonstrates considerable savings ($ 6,618) according to our case study. For the case with the middle level incident and high volume traffic on both the freeway and local routes, the benefit goes up to nearly $ 42,000. This result also supports that the decision for detour implementation should be made after considering various aspects of related factors and given environments. 
CONCLUSIONS AND RECOMMENDATIONS
Despite the increasing attention in minimizing incident-incurred congestion with optimal detour operations, effective guidelines for determining when and how to make such decisions are quite limited. Most existing guidelines are based mainly on the incident duration alone as the primary factor, offering no reliable procedure to consider the compound impacts of all related factors on the resulting detouring effectiveness and overall system benefits. This paper presents a decision function for determining the necessity of implementing detour operations during incident management from the overall system benefit perspective. It is a part of our integrated incident system, ranging from prediction of incident duration to computation of operational benefits, for contending with non-recurrent congestion. The proposed model features its computational convenience and operational flexibility, allowing potential users to make necessary revision if more data are available. Although the proposed model is calibrated from simulation data, the estimation results of its parameters clearly indicate that several additional variables other than incident duration should be taken into account so that the responsible highway agency can make the proper decision to minimize the congestion incurred by the detected incident.
Our future research along this line is to analyze several hundred detour operations implemented by MSHA over the past five years, and to enhance our preliminary decision model with field data. The further calibrated decision model can then be integrated with other incident management modules to assist traffic control operators in making the following critical decisions during their daily operations: what would be the required duration to clear the detected incident? How long will be the traffic queue during the incident management? Will the projected delay and congestion during the incident management period warrants detour operations? At last what would be the overall benefits and cost for a proposed detour operation?
